1.. Introduction
================

High performance composites with woven reinforcements have found wide applications in various industrial areas such as aerospace, aircraft, automobile, civil engineering, *etc*. Among other factors, reinforcement characteristics profoundly influence the mechanical properties of composites. For the manufacture of laminated composites, 2D woven reinforcements are mostly used when better mechanical properties are required in two dimensions (warp and weft directions). The crimp and fibre volume fractions can be adjusted in the warp and weft directions so as to design the reinforcement according to the stress-strain conditions. These so called 2D reinforcements offer certain important advantages such as easy and rapid production using conventional weaving technology and good in plane properties. These composites have found wide application in automotive, aerospace and civil engineering structures. In order to keep these structures operating safely and reliably it is important to incorporate some sort of monitoring system inside the structural component capable of providing real time, *in situ* information about the state or health of the component. In-service health monitoring of the structure can not only help in better understanding the deformation modes, but also in lowering the downtimes related to periodic maintenance. Moreover the record of stress-strain history prior to infliction of damage helps in understanding the cause of irreversible damage \[[@b1-sensors-11-09478]\]. Different approaches that can be used for structural health monitoring (SHM) including ultrasonic scanning, acoustic emission (AE), shearography, stimulated infrared thermography (SIT), Fibre Bragg Grating (FBG) sensors, vibration testing, *etc*. have been discussed in detail elsewhere \[[@b2-sensors-11-09478]--[@b5-sensors-11-09478]\]. Today design engineers lay special emphasis on the integration of sensors during manufacturing process which enables them to perform *in situ* health monitoring of composite parts, reduce their cost and improve the accuracy of measurements. The classical NDE techniques hardly address this concern because of difficulties in *in situ* implementation.

A review of piezoresistive sensing methods already being applied to measure strain in fabrics/composites shows that several diverse sensing mechanisms exist. These approaches may be categorized on the basis of manufacturing technology as follows: Nanotube networks \[[@b6-sensors-11-09478]--[@b11-sensors-11-09478]\];Use of carbon tows for self-sensing \[[@b12-sensors-11-09478]--[@b16-sensors-11-09478]\];Semiconductive coatings \[[@b17-sensors-11-09478]--[@b23-sensors-11-09478]\].

None of these have gained universal acceptance either as standards in structural health monitoring of composites or for the fabrication of intelligent textiles. Nanotubes have been investigated in detail for use as sensing mechanisms, both for smart textile applications and for structural health monitoring of composites. Significant challenges still exist in their development, for example the efficient growth of macroscopic-length carbon nanotubes, controlled growth of nanotubes on desired substrates, durability of nanotube based sensors and actuators, effective dispersion in polymer matrices and their orientation. Therefore, there is a need to develop both experimental and analytical techniques to bridge the nano and macro scales towards optimization so as to use nanotube networks as sensors inside macroscale (fabric) or mesoscale (tow) composites.

Carbon fibre reinforced composites offer a unique possibility of using carbon tows as a sensing network because of their conductivity. The disadvantage of such an approach is that it can only be used for conductive fibre based composites. Moreover, it is imperative to understand the deformation mechanism of the reinforcement. Any anomaly in the deformation mechanism can threaten the sensing mechanism's validity and efficacy.

As for semiconductive coatings, to date they have only been used for design of active components of intelligent textile structures, such as silicon flexible skins with regular textiles \[[@b24-sensors-11-09478]\], flexible fibrous transistors \[[@b25-sensors-11-09478]--[@b27-sensors-11-09478]\] and other smart textile applications to manufacture consumer products and to detect physiological condition of the wearer \[[@b28-sensors-11-09478]--[@b33-sensors-11-09478]\].

It was suggested in our previous research work that the use of the intelligent textile approach in order to realize fibrous sensors compatible with SHM and composite technology \[[@b34-sensors-11-09478]\] is a very promising solution for *in situ* health monitoring of composite parts. In the case of high performance textile composites these intelligent textile materials can be integrated during the manufacturing phase of the reinforcement or during the lay-up process. These materials perform dual functions inside a composite, as after integration in the reinforcement they not only act as an integral part of the structure, but also have actuating, sensing and microprocessing capabilities.

The piezoresistive sensor in fibrous form that has been developed is based on previous research studies on carbon black nanoparticles dispersed in polymers to form composites \[[@b17-sensors-11-09478]\]. It has been successfully integrated into 3D-interlock carbon composite structural parts \[[@b34-sensors-11-09478]\]. Measurements during tensile loading have shown promising results and it was concluded that such a sensor may be used as strain gauge inside composite structural parts for *in situ* online health monitoring applications. However, the theory of percolation indicates that the tensile deformation is not the only mode that contributes to the formation and deformation of percolation networks which influence the global conductivity \[[@b17-sensors-11-09478]\]. The compression of piezoresistive conductive polymer composites used for coating yarns is also supposed to modify their conductivity by modification of internal conductive paths by orienting these paths in parallel or serial configuration and therefore altering the local resistance. These two phenomena---formation/deformation of conductive paths in traction and modification of the configuration of conductive paths in compression---are in competition. In some cases the first phenomenon is predominant, for instance when a sensor is used solely in tensile loading, while in the case of pressure or compression sensing, the second phenomenon is supposed to be predominant.

In this article, this dual sensing nature of our fibrous sensors is used in order to simultaneously detect two different deformation modes in a composite. This has been made possible by choosing different sensor locations inside the composite part. For instance, in case of a 3-point bending test it is possible to place one sensor near the surface in contact with the top bending support where compression is the main mode of deformation while the other sensor is placed close to the farther end (close to the stationary supports) of the composite part where traction is supposed to be the predominant deformation mode. These experiments have demonstrated the validity of a novel concept of structural health monitoring, not only capable of detecting traction and compression but distinctive fracture events inside the composite as well.

In order to perform bending tests, five-layer glass fibre laminate samples were prepared. Two sensors were placed between 1st and 2nd and 4th and 5th layers. These sensors were placed just under the top and just above the bottom layers so that the sensors were supposed to follow the deformation pattern of two distinctive composite faces corresponding to compression for the upper sensor and traction for the lower one. Afterwards, these specimens were tested for bending employing a 3-point bending test method \[[@b35-sensors-11-09478]\]. Several different tests were performed in order to characterize the sensor response to various test configurations and fracture events.

The main objective was to determine the continuous deformation pattern of composite structures during bending, as well as to get information about discrete fracture events provoked by internal damages such as delamination, tow pullout and cracks at resin-tow interfaces, which correspond to "*hybrid measurements inside composites*". The concept of hybrid measurement used in this paper is based on the approach developed in our previous studies on Piecewise Continuous Systems (PCS). The PCS has two time scales; the first time scale is continuous and the second one is discrete. Therefore such a system has two different functioning modes: continuous and discrete. The discrete functioning mode is relative to autonomous switching impulses. These theoretical bases have been used to develop novel control theories, but they can also be used in adaptive system configurations in order to develop a plant identification technique \[[@b36-sensors-11-09478]--[@b42-sensors-11-09478]\]. In fact, PCS are characterized by exogenous switching of their state.

The measurement results prove the PCS nature of the sensors developed in our laboratory. The discrete functioning mode may be observed when the slope of the measured signal changes, indicating that some internal structural change (delamination or crack propagation) occurred in the composite part. The constant slope indicates the proper continuous functioning mode for deformation in the same structural part. In terms of system approach this may be modeled as switching between different systems which correspond to different deformation modes. The switching moment, *i.e.*, a change in signal slope implies occurrence of internal structural changes due to particular fracture events. Therefore, our approach with sensors at two different levels can not only be used to detect deformation in composites, but also to detect internal changes that are often critical and may indicate irreversible damage in the composite structure.

2.. Theoretical Section
=======================

Let us consider a non-conductive polymer matrix charged with conductive fillers. [Figure 1](#f1-sensors-11-09478){ref-type="fig"} shows the evolution of logarithm of resistivity "*ρ*" with volume fraction of conductive fillers "*ϕ*".

The resistivity-volume fraction plot can be divided into two distinctive zones: When the composite is an insulator. This is because of the fact that only a few charges are in contact which gives rise to few conductive networks for the flow of electrons in the composite.When the composite is a conductor. Complete conduction arises from abundant filler contacts creating a conductive network for the flow of electrons and thus the electric current.

The transition between the insulating and conductive states occurs at a particular volume concentration of conductive filler. This critical concentration is termed as "percolation threshold". Around the percolation threshold a sudden and rapid drop in resistivity is observed. This is because of the formation of conductive networks of fillers. At the percolation threshold these networks are just enough to allow electrons to flow through.

Conduction in such composites charged with conductive fillers depends on various phenomena, depending upon the filler geometry and their distribution in the polymer. [Figure 2](#f2-sensors-11-09478){ref-type="fig"} shows that either fillers are in direct contact or they are separated by a layer of polymer matrix.

When filler particles are in direct contact, the electrical conduction is explained by metallic conduction and hopping. In metallic conduction the band structure of the material is overlapping which allows the electrons to flow from one site to another without energy input. When there is gap or barrier (a polymer layer in this case) between the filler particles, the electrons need to jump from one site to another. This hopping can be either ▪ Short range hopping: sites energetically distant and geographically close▪ Variable range hopping: sites energetically close and geographically distant

Due to its dual nature, as predicted by quantum mechanics, the electron is able to hop even though its kinetic energy is less than the potential energy of the barrier. The Heisenberg uncertainty principle suggests that an electron has a nonzero probability of moving from one side of any physical barrier to another. When an electron wave meets a potential barrier (polymer film), the wave does not instantly go to zero. Instead it starts to decay exponentially within the potential barrier. If the wave does not reach zero by the time it reaches the other end of the barrier then there is a finite probability that it will be found on the other side of the barrier implying that the wave effectively "tunnels" through the non-conductive barrier \[[@b43-sensors-11-09478]\]. This is shown schematically in the [Figure 3](#f3-sensors-11-09478){ref-type="fig"}.

When these composites are subjected to tensile loading the filler particles displace relative to one another. This results in an average increase in inter-particle distance, breakage of certain percolation networks and an increase in potential energy of barriers for electron hopping. The combined effect of all of these phenomena is a net increase in the resistivity of the composite. This property can be used for detecting tensile loading in any composite part.

When compression is applied on a polymer composite filled with conductive particles, the inter particle distance is reduced. This translates into an increase in conductivity as more electrons can flow through filler particles physically in contact and tunnel through the barriers which under compression become "thinner" and the probability that decaying electron wave crosses over to the other end is higher. This property can be used for compression sensing.

3.. Experimental Section
========================

3.1.. Sensor Design and Optimization
------------------------------------

As coating solution, the conductive polymer composite based on dispersion of carbon black particles (Printex^®^ L6) in polymer (Evoprene^®^ 007) solution, using chloroform as a solvent was chosen \[[@b17-sensors-11-09478]\]. In order to characterize the sensitivity and adherence of the coating on different substrates, the 35% carbon black solution was coated on different yarns (71 tex cotton spun yarns; 48.2 tex polyethylene monofilament and 25 tex polyamide monofilament). Visual inspection of the surfaces of coated yarns shows that the coating is more uniform for synthetic monofilaments compared to cotton yarns. The cotton yarns absorb the conductive solution, which penetrates inside the pores and interstices much like a dye. This particular phenomenon could be a source of non homogeneity in sensor electrical and mechanical properties, as the spun yarn is non uniform as compared to filaments, the coating and thus the resistivity achieved could be non uniform. Moreover the greatest inconvenience with coated cotton spun yarns is their low sensitivity during the initial tensile loading phase.

The electrical resistance values were measured on 12 coated samples of each variant using a multimeter. The resistivities were then calculated using the yarn/filament fineness, yarn/filament lengths and these measured electrical resistance values. [Figure 4](#f4-sensors-11-09478){ref-type="fig"} gives a comparison of calculated resistivity values of conductive layer deposited on different fibrous substrates. It can be seen that coated polyethylene filaments show relatively lower dispersion of resistivity as compared to coated polyamide filaments.

In order to carry out tensile tests on coated yarns and monofilaments, an MTS 1/2 tester was used. Samples underwent quasi-static tensile loading at a constant test speed of 5 mm/min. For the purpose of electrical resistance variation measurement during the tensile testing, a simple voltage divider circuit and Keithley^®^ KUSB-3100 data acquisition module were employed. [Figure 5](#f5-sensors-11-09478){ref-type="fig"} shows some of the results for electrical resistance variation, expressed as normalised resistance (ΔR/R) during tensile testing, obtained using different substrates for coating.

Initial electrical resistance of the coating on cotton yarns is much lower than on monofilaments, but since the cotton spun yarns are inherently irregular, the coatings obtained are not homogenous and the results for different coated yarns vary widely in their response to tensile loading \[[Figure 5(a)](#f5-sensors-11-09478){ref-type="fig"}\]. Due to particular fineness of the polyamide monofilament it was found that slight non-homogeneity in coating on the surface can result in breakdown of the conductive paths, as is obvious from [Figure 5(b)](#f5-sensors-11-09478){ref-type="fig"}. As a result, the behaviour of polyamide is highly inconsistent. Polyethylene monofilaments provide a reasonably good compromise as the substrate. The coatings on polyethylene are easy to achieve due to good substrate/conductive solution interfacial properties. Moreover the relatively large diameter of the polyethylene monofilaments employed here, allow the substrate take up to be just enough for achieving measurable initial reistance of the coated sensors. As the curves in [Figure 5(c)](#f5-sensors-11-09478){ref-type="fig"} show, the polyethylene coatings are reproducible as the curves for all the four samples are nearly identical as opposed to polyamide and cotton. This is because of the fact that the coating achieved on polyethylene monofilaments are realtively homogeneous. Homogeneuous coatings result in lower dispersion of resistivity, as is obvious from curves in [Figure 5(c)](#f5-sensors-11-09478){ref-type="fig"}. Another important feature of the curves presented in [Figure 5](#f5-sensors-11-09478){ref-type="fig"} is the greater deviations in normalized resistance plots at higher strains. This again depends on the extent of uniformity achieved while coating the substrate. At higher strain rates, non uniform coatings tend to crack where there is a thin deposited layer. This causes a marked increase in resistance whenever a conductive track breaks up. Polyethylene substrates exhibit better performance in this respect, as well as the deviations at higher strains are minimal for curves presented in [Figure 5(c)](#f5-sensors-11-09478){ref-type="fig"}. In view of all of these advantages, polyethylene monofilaments were chosen for sensor development.

In order to reduce the initial electrical resistance two ply polyethylene filaments were used. These were coated with the polymer solution as described above. The two ends of the coated polyethylene filaments were additionally coated with silver paint in order to reduce contact resistance and fine copper wire was attached to the two ends with the help of this paint. In this way, secure connections were realized. Sensor structural and geometrical parameters along with initial electrical resistance are shown in [Table 1](#t1-sensors-11-09478){ref-type="table"}.

Prepared in this way, the sensor with polyethylene substrate was tested again on the MTS ½ tester for optimisation and calibration purposes. This test was performed under quasi-static tensile loading conditions at a constant test speed of 5 mm/min. As is obvious from the curves presented in [Figure 5](#f5-sensors-11-09478){ref-type="fig"}, these piezoresistive sensors produce a very small percentage change in resistance in response to physical phenomena such as strain. Moreover the output signal has considerable noise. Therefore a special data linearization module containing a Wheatstone bridge and an amplifier was used to measure unknown variable resistance of the sensor as a function of output voltage. Wheatstone bridges offer an attractive solution for sensor applications as they are capable of measuring small resistance changes accurately. The same Keithley^®^ KUSB-3100 data acquisition module was employed for the purpose of measuring voltage variation during tensile testing.

The resistance variation data thus obtained was treated for noise reduction using a low pass filter. The resultant stress-strain-resistance relationship curves for elongation of the out of composite sensor (before insertion in the reinforcement) are shown in [Figure 6(a,b)](#f6-sensors-11-09478){ref-type="fig"}.

It may be noticed in [Figure 6(a)](#f6-sensors-11-09478){ref-type="fig"} that the stress *vs.* strain curve has the same shape as the normalised resistance (ΔR/R) *vs.* strain curve. This validates the electromechanical properties of our fibrous sensor for strains ranging from 0 to 2.75%. In [Figure 6(b)](#f6-sensors-11-09478){ref-type="fig"}, the hysteresis results of the sensor for 10 cycles are given. For this test, the sensor underwent 0.5% extension at a constant cross head displacement rate of 5 mm/min, followed by compression in each cycle. The hysteresis test also shows that the sensor is capable of following the extension and compression patterns in each cycle. It can also be noticed that the hysteresis is high for the first cycle which reduces gradually and for the 10th cycle the sensor exhibits almost linear behaviour. This loss in hysteresis with increasing number of cycles can be attributed to permanent breakage of some of the percolation networks. It should be recalled that these sensors have been optmised so as to have volume concentration of carbon nanoparticles corresponding to the percolation threshold. At the percolation threshold the conductivity in the nano particle filled composites is due to particle-particle contact, electron hopping and tunnel effect. As the sensor undergoes repeated loading and unloading, some of the percolation networks responsible for conduction due to physical contact, break down completely. This results in sensor conductivity depending more and more on the tunnel effect with increasing number of cycles. This causes the sensor behaviour to become less hystyrical and more linear.

3.2.. Composite Samples Preparation
-----------------------------------

Plain woven 2D fabric reinforcements were manufactured on a conventional weaving loom. Glass tows were used in warp and weft. Reinforcement characteristics have been summarized in [Table 2](#t2-sensors-11-09478){ref-type="table"}.

Afterwards five layers of these fabric reinforcements were placed over one another. The sensors were placed just under the 1st layer and just above the 5th layer during the lay up step so as to follow compression and traction loading respectively, during the 3-point bending test. A surface photograph of the plain woven 2D reinforcement is shown in [Figure 7(a)](#f7-sensors-11-09478){ref-type="fig"}, while the TexGen \[[@b44-sensors-11-09478]\] generated geometry of laminated composite specimen is shown in [Figure 7(b)](#f7-sensors-11-09478){ref-type="fig"}.

Afterwards the five-layer laminate structure with two sensors as described above was impregnated using a vacuum bag infusion process in order to make the composite part stiff. The resin employed was EPOLAM 5015 epoxy. The four connections of the top and bottom sensors which remain outside the reinforcement at the two ends were carefully separated from the rest of the mould. This was done by creating two vacuum sub-moulds inside the larger mould so that the resin would not impregnate the connections of the sensors. The impregnated composite samples were cut into slabs of required dimensions as shown in [Figure 8](#f8-sensors-11-09478){ref-type="fig"}. In this way each 12 cm × 3.0 cm glass composite specimen had two sensors, at the top and bottom, for compression and traction detection.

3.3.. Data Acquisition Device
-----------------------------

A data amplification and signal conditioning module consisting of instrumentation amplifiers and the data acquisition module (Keithley^®^ KUSB 3100) were connected to the two sensors, in Wheatstone bridge configuration. This set-up is capable of accurately measuring small resistance changes. [Figure 9](#f9-sensors-11-09478){ref-type="fig"} shows a schematic diagram of the data amplification and acquisition modules connected to the two sensors, in Wheatstone configuration, for simultaneous detection of compression and traction in the composite specimen.

4.. Results and Discussion
==========================

4.1.. 3-Point Bending Tests on Glass Laminates (until Fracture)
---------------------------------------------------------------

In [Figure 10](#f10-sensors-11-09478){ref-type="fig"}, a glass composite specimen can be seen loaded on an Instron 1185 tester during a 3-point bending test.

Composite specimens were loaded until fracture at a constant loading rate of 1 mm/min. A typical force-displacement plot against normalized resistance can be seen in [Figure 11](#f11-sensors-11-09478){ref-type="fig"}.

A photograph taken on transversal section of tested glass laminated composite specimens is shown in [Figure 12](#f12-sensors-11-09478){ref-type="fig"}.

A cursory observation of curves plotted in [Figure 11](#f11-sensors-11-09478){ref-type="fig"} shows that the sensors are capable of following the loading and onset of damage in the composite. A sharp peak in upper sensor curve appeared much before the maximum load was achieved for the composite specimen. This might signify a distinctive fracture event such as a compression crack as the peak was accompanied by cracking sound and a slight change in the slope of Force-displacement plot as well. Compression cracks can be observed in [Figure 12](#f12-sensors-11-09478){ref-type="fig"}. The maximum load in force-displacement plot ([Figure 11](#f11-sensors-11-09478){ref-type="fig"}) coincides with a series of sharp peaks in the upper sensor curve. On the other hand the lower sensor curve starts dropping at the maximum loading point. The maximum load is followed by a sudden load drop which coincides with the lower sensor breakage as its output suddenly saturates at this point. An observation of broken laminated composite specimen photographs, given in [Figure 12](#f12-sensors-11-09478){ref-type="fig"}, reveals that the lower face of the composite has fractured with a certain degree of interlaminar shearing. This onset of interlaminar shearing might have caused a drop in the lower sensor curve (after the maximum loading), followed by complete breakage of the sensor due to fracture of the lower layers of the composite in traction. The maximum load drop in the force-displacement plot ([Figure 11](#f11-sensors-11-09478){ref-type="fig"}), which is conjectured to coincide with fracture in traction of the lower composite face, does cause a sharp peak in the upper sensor curve but is unable to cause its fracture. This is because of the fact that the interlaminar shear in the lower face does not advance transversally to cause complete breakdown of all the composite layers. This maximum load drop in the composite specimen is followed by a region where the load keeps on dropping gradually in steps. The most interesting aspect of this region is that the load drop is followed almost identically by the upper sensor.

4.2.. Multyciclic Bending Test
------------------------------

A multicyclic bending test was performed on the glass composite specimens. The tests were carried out at constant loading rate of 1 mm/min and consisted of 10 cycles. Maximum displacement of 0.5 mm was achieved during the course of each loading cycle. Force-displacement plots for this test are shown separately in [Figure 13(a)](#f13-sensors-11-09478){ref-type="fig"}. Normalized resistance output for the two sensors against displacement in mm is given in [Figure 13(b)](#f13-sensors-11-09478){ref-type="fig"}. The normalized resistance output for the two sensors is plotted in [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"} against time for clearer observation of sensor behaviour.

It can be observed from the force-displacement plot in [Figure 13(a)](#f13-sensors-11-09478){ref-type="fig"} that the composite exhibits certain hysteresis during cyclic loading. This hysteresis appears in the normalized resistance plots in [Figure 13(b)](#f13-sensors-11-09478){ref-type="fig"} and [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"} as well. In these two plots the hysteresis originates from composite as well as from the sensor behavior. Moreover the normalized resistance plot against time given in [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"} shows that the sensor signal is noisier during the unloading phase for both the upper and lower sensors. This can be attributed to phenomena occuring at the resin-sensor interface. It can be noticed that the unloading curves during tensile testing of "unintegrated sensor" given in [Figure 6(b)](#f6-sensors-11-09478){ref-type="fig"} don't show any noise. Therefore it can deduced that the noise during unloading of "integrated sensors", as can be seen in [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"} is due to the resin-sensor interface or the 3-point bending test fixture itself. During unloading the rigid matrix interface does not tend to regain its initial dimensions as does the elastic sensor. Inside the composite, the sensor is thus "constrained" by the matrix. This "disparity" in sensor behaviour and its environment appears as noise in the unloading plots.

The noise associated with unloading plots can also arise from the test fixture itself. Unlike tensile testing in which the two ends of the specimen are gripped by jaws, in 3-point bending tests, the specimen is not gripped at all. During loading the specimen is positively held in between the three points. This causes a smooth signal, as is evident from [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"}. While unloading causes relaxation of the specimen placed between the three points. This relaxation causes vibrations in the specimen, generating noise, which is evident from the unloading plots in [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"}. This conjecture is also supported by the fact that the noise in signal output increases as the unloading decreases from 0.5 mm (maximum strain) displacement to 0 mm displacement (complete unloading), so that the noise is maximum for complete unloading in each of the cycles.

A difference in amplitude of the two sensor signals, as is obvious from "tensile" and "compression" plots given in [Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"}, can be attributed to two factors: ▪ The two sensors don't have equal initial resistance. This is because of the manual coating technique adopted for their fabrication. Due to lack of automation in the layer deposition process, identical sensors cannot be produced. The initial resistances of the two sensors ([Table 1](#t1-sensors-11-09478){ref-type="table"}) varies slightly from batch to batch.▪ The gain used for the amplification of the two sensor signal outputs is not exactly identical. This is because of the fact that the gain of each amplifier is regulated by a potentiometer whose resistance is varied using a manual set screw. Thus it is virtually impossible to fix identical gain for the two amplifiers.

When a comparison is made between the two plots, it is revealed that the upper sensor curves appear to be noisier and more hysterical as compared to the lower sensor curves. This signifies an important difference in energy absorption/release mechanism and mechanical deformation phenomena (compression and traction) at the top and bottom faces of the composite specimen during cyclic loading.

FFT (Fast Fourier Transformation) analysis of the normalized resistance signals for upper and lower sensors during Multicyclic loading test performed on laminated glass composite specimens \[[Figure 13(c)](#f13-sensors-11-09478){ref-type="fig"}\] is given in [Figures 14(a,b)](#f14-sensors-11-09478){ref-type="fig"}, respectively.

Cyclic tests were carried out on glass laminate samples in order to characterize the sensor performance during loading and unloading of the composite specimen. Loading corresponds to tension on the lower face and compression on the surface of the specimen. It was observed that during the loading phase of each cycle the signal had different form as compared to that during unloading. In order to analyze and quantify sensor performance, FFT was applied to the complete sensor signal output. For each traction or compression cycle, FFT was applied separately to the loading and unloading phases. Thus in [Figure 14](#f14-sensors-11-09478){ref-type="fig"}, the z-axis represents the number of loading and unloading cycles (in compression for the upper sensor and in traction for the lower sensor). The plot corresponding to 1 on z-axis thus represents loading phase in 1st cycle, whereas the 2nd plot corresponding to 2 on z-axis is representative of the frequency distribution during the unloading phase of the 1st cycle. In this way there are 20 FFT plots in each of [Figures 14(a,b)](#f14-sensors-11-09478){ref-type="fig"} corresponding to loading and unloading during 10 cycles for the upper and lower sensors, respectively. In [Figures 14(a,b)](#f14-sensors-11-09478){ref-type="fig"} the amplitude of FFT is plotted on the y-axis, whereas the x-axis represents the FFT frequency from 0 to 0.5 × f~s~ Hz, where f~s~ is sampling frequency, equal to 10 Hz.

Each loading or unloading phase in a cycle corresponds to 300 data points. Therefore the FFT was applied on 300 data points. For most of the FFT plots the frequency of loading and unloading cycles (0.0167 Hz) can be observed. This frequency appears as dual "crater" like peaks in the FFT plots. Some of these peaks are shown enclosed in ellipses in [Figure 14(b)](#f14-sensors-11-09478){ref-type="fig"}. Indeed the magnitude of these peaks is higher then the magnitude of noise that appears in FFT plots representing unloading.

Complete absence of measurement noise that can originate from forming and deforming of percolation networks during tensile and compression loading and unloading phases can also be observed. This is because of the fact that our sampling frequency (10 Hz) was rather low for the observation of such high frequency phenomena. It can also be observed that the loading plots are less noisy as compared to unloading plots. It might be conjectured that this noise is generated by the visco-elastic behavior of the sensor and composite during the unloading phase (red plots in [Figure 14(a,b)](#f14-sensors-11-09478){ref-type="fig"}).

5.. Conclusions
===============

A new system for real time *in situ* health monitoring of structural deformations in composites has been developed and applied in this article. Fibrous sensors developed as piecewise continuous systems (PCS) which can not only measure compression and traction, but are also capable of detecting distinctive fracture events in a composite structure, have been successfully integrated into a composite laminate during the lay-up phase. The sensors provide complete stress-strain history of the composite specimen. The 3-point bending test results given in this paper have proven the feasibility of our approach. These results indicate that very useful information on composite "health" and about the phenomena occurring inside the structure under quasi-static loading conditions, related to crack propagation, fracture, delamination and other disturbances can be extracted. However, the data thus generated will have to be properly treated in order to extract all the supplementary information unavailable until now. Such treatment techniques, adaptable to composite structures are currently under development in our laboratory.

Moreover, the sensors will have to be improved and optimized, particularly in terms of their bandwidth, sensitivity and compatibility with carbon and other high performance multifilament tows that are being widely used to design fibrous reinforcements for high performance composite structures. As a next step of this research work, these sensors will be integrated to more advanced 3D composites for the detection of distinctive fracture events. This will allow us to develop a pool of information about the deformation behaviour of different types of composites during different loading conditions.

Authors would like to commend the help and technical assistance provided by Daniel Zakrewski of Ecole de Mines de Douai, France and Pierre Marie Rogier of IFTH Laboratories, Lille, France.
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![Resistivity values calculated for different substrates coated with 35 wt.-% carbon black solution.](sensors-11-09478f4){#f4-sensors-11-09478}
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Electrical resistance variation during tensile strength tests on different yarn and filament substrates coated with 35 wt.-% carbon black solution. **(a)** Cotton spun yarns; **(b)** Polyamide monofilaments; **(c)** Polyethylene monofilaments.
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![Normalized resistance and stress against strain for sensor outside composite. **(a)** Tensile test up to 2.75% elongation; **(b)** Hysteresis 10 cycles at 0.5% extension.](sensors-11-09478f6){#f6-sensors-11-09478}

![**(a)** Surface photograph of a plain woven 2D reinforcement; **(b)** TexGen generated geometry of 2D reinforcements placed over one another having two sensors at the top and bottom.](sensors-11-09478f7){#f7-sensors-11-09478}

![Glass laminated composite specimen with embedded sensors.](sensors-11-09478f8){#f8-sensors-11-09478}

![Schematic diagram of instrumentation amplifier and data acquisition module connected to sensors in Wheatstone bridge configuration.](sensors-11-09478f9){#f9-sensors-11-09478}

![Glass laminate composite specimen with embedded sensors, loaded on an Instron 1185 tester for a 3-point bending test.](sensors-11-09478f10){#f10-sensors-11-09478}

![Force-displacement plot against normalized resistance variation for the two sensors inside laminated composite specimen tested until fracture at constant loading rate of 1 mm/min.](sensors-11-09478f11){#f11-sensors-11-09478}

![Transversal section of tested laminated composite specimen.](sensors-11-09478f12){#f12-sensors-11-09478}
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Multicyclic 3-point bending test of glass laminated composite **(a)** Force-displacement plot; **(b)** Normalized resistance curves for the two sensors against displacement; **(c)** Normalized resistance curve for the two sensors against time.

![](sensors-11-09478f13a)

![](sensors-11-09478f13b)

###### 

FFT analysis on **(a)** upper sensor signal during cycling loading and **(b)** lower sensor signal during cycling loading.

![](sensors-11-09478f14a)

![](sensors-11-09478f14b)

###### 

Sensor properties.

  **Parameter**                                        **Value**
  ---------------------------------------------------- -----------
  Average linear density of the filament (g/km)        48.23
  Average diameter of the filament (mm)                0.7
  Average width of the sensor cross section (mm)       1.68
  Average thickness of the sensor cross section (mm)   1.26
  Aspect ratio of the sensor (width/thickness)         1.33
  Length of the sensors (cm)                           11.7
  Initial resistance of upper sensor (kΩ)              34
  Initial resistance of lower sensor (kΩ)              24

###### 

Reinforcement and composite specifications.

  **Parameter**                             **Value**
  ----------------------------------------- -----------
  Linear density of warp tow (tex)          2331
  Linear density of weft tow (tex)          2331
  Average thickness of reinforcement (mm)   0.8
  Warp tows density (tows/cm)               18
  Weft tows density (tows/cm)               16
  Areal weight (g/m^2^)                     789
  Fiber volume fraction (%)                 60
